Abstract-The introduction of additive manufacturing (AM), often referred to as three-dimensional (3D) printing, has initiated what some believe to be a manufacturing revolution, and has expedited the development of the field of biofabrication. Moreover, recent advances in AM have facilitated further development of patient-specific healthcare solutions. Customization of many healthcare products and services, such as implants, drug delivery devices, medical instruments, prosthetics, and in vitro models, would have been extremely challenging-if not impossible-without AM technologies. The current special issue of the Annals of Biomedical Engineering presents the latest trends in application of AM techniques to healthcare-related areas of research. As a prelude to this special issue, we review here the most important areas of biomedical research and clinical practice that have benefited from recent developments in additive manufacturing techniques. This editorial, therefore, aims to sketch the research landscape within which the other contributions of the special issue can be better understood and positioned. In what follows, we briefly review the application of additive manufacturing techniques in studies addressing biomaterials, (re)generation of tissues and organs, disease models, drug delivery systems, implants, medical instruments, prosthetics, orthotics, and AM objects used for medical visualization and communication.
INTRODUCTION
Additive manufacturing (AM), also known as 3D printing, has emerged during recent years as a flexible and powerful technique for advanced manufacturing in healthcare. Even though the underlying technology has been in development for more than two decades, the level of maturity and perfection required for real-world applications has been achieved only recently. Most importantly, a wide range of biomedical materials can now be processed using additive manufacturing techniques with increasing accuracy. Moreover, a number of AM processes and the resulting products have already been approved by regulatory bodies for (routine) clinical use, and a draft version of FDA guidance for additively manufactured devices has already been published. 1 At the same time, AM technology has been applied for (re)generation of living tissue structures that could be applied as regenerative implants and disease models. This field of ''biofabrication'' 28 is developing exponentially, underscoring the potential of applying AM in healthcare. Some other areas, such as pharmacology, oncology, surgery, and rehabilitation have also provided interesting clinical and research applications for additive manufacturing.
The current special issue aims to review and showcase some of the most promising trends in application of AM to healthcare. This review and the research articles presented here cover a wide range of applications, ranging from cardiovascular 19 to orthopedic, 9,10,58 craniofacial, 50 and drug screening. 71 As a prelude to this special issue, we decided to write an extended editorial and briefly review the most important trends in application of AM to healthcare, thereby setting the stage for what appears in the rest of the issue. In that sense, this editorial might be seen as a ''review of reviews,'' where we do not try to engage in the details of various areas of research but rather to sketch the bigger picture through clear examples, reference to the papers appearing in this special issue, as well as to the other essential literature. In particular, we have not tried to review the details of AM techniques ( Fig. 1 ), as these can be found in some of the excellent review papers appearing in this issue; see, e.g., Refs. 32, 48, 53, 79 . Instead, the areas where AM could improve the quality of healthcare are reviewed in the following sections of this editorial, which are organized in order of perceived impact.
ADDITIVE MANUFACTURING OF BIOMATERIALS
The form freedom offered by AM techniques provides many opportunities for fabrication of biomaterial constructs with complex and precisely controlled external and internal shape. Although the external or macroscale shape of biomaterial structures is important, AM offers the additional opportunity to also control the internal shape or microarchitecture of the generated structures (Fig. 2) , which may positively influence tissue regeneration and integration. Moreover, the internal microarchitecture will affect the physical, mechanical, and biological properties of porous biomaterials; 75 For example, the static mechanical properties, 2, 8, 60 fatigue behavior, 4 and permeability 69 of porous biomaterials have been shown to be functions of their geometrical parameters. Other geometrical features such as the sign and intensity of curvature have been shown to regulate the rate of tissue regeneration. 22, 57, 75 AM techniques make it possible to use almost any design of microarchitecture to achieve a desired set of physical, mechanical, and biological properties. Furthermore, full interconnectivity in the porous space of biomaterials can be achieved. By rationally designing the microarchitecture, unusual mechanical properties, such as negative Poisson's ratio or independently varying, i.e., decoupled, porosity and mechanical properties, can be achieved as well. 76 Such rational design of biomaterial microarchitecture is something that fits within the larger context of mechanical metamaterials and has received increasing attention recently. 73 Furthermore, the microarchitecture of biodegradable biomaterials influences their degradation profile and the resulting tissue regeneration performance of (highly) porous biomaterials. 13, 14, 78 Rational design of microarchitecture and subsequent AM could, therefore, also be used for adjustment of the biodegradation profile of biomaterials.
Various categories of AM techniques ( Fig. 1 ) have been used for processing a wide range of polymeric, metallic, and ceramic biomaterials. As far as polymeric materials are concerned, AM techniques based on vat polymerization, such as stereolithography (SLA), those based on material extrusion techniques such as fused deposition modeling (FDM), those based on powder bed fusion technologies such as selective laser sintering (SLS), and material jetting alternatives, such as inkjet printing, are commonly used (Fig. 1) . The most widely used techniques for processing metallic biomaterials are currently based on powder bed fusion, such as selective laser melting (SLM) and electron beam melting (EBM) (Fig. 2) . A large number of studies using AM techniques for processing of ceramicbased biomaterials applied binder jetting, material extrusion, powder bed fusion, or vat polymerization. 1, 64 However, indirect AM 32 is another, particularly interesting approach, where biomaterials are not made through direct AM but are fabricated through a medium that is additively manufactured; For example, the negative of an intended biomaterial structure may be additively manufactured to allow for casting of the desired biomaterial. Direct and indirect methods can also be combined to enable fabrication of more complex biomaterial components.
There are two major challenges that need to be addressed to utilize the maximum potential of AM techniques for improving the performance of biomaterials. First, the optimal microarchitecture for the performance of each biomaterial is often unclear. Analytical and multiphysics computational modeling techniques need to be used to determine the best microarchitecture for any specific application. Ideally, all relevant mechanical, physical, and biological properties of the biomaterial should be considered simultaneously when designing the microarchitecture. Secondly, there is still limited availability of materials that are compatible with AM processes. Traditionally used biomaterials can often not be processed with AM techniques, whilst the best-performing materials in AM machines, in terms of accuracy and functionality, are not biocompatible or do not exhibit the required biodegradation behavior. It is, therefore, essential not only to improve the arsenal of available biomaterials, but also to adapt current AM technologies to better process the best available biomaterials. In view of this, developments in both AM materials and systems is required to utilize the potential of AM to its full extent.
TISSUE AND ORGAN EQUIVALENTS
Biofabrication encompasses the automated generation of tissue constructs by means of bioprinting, bioassembly, and subsequent maturation. As such, it offers the opportunity to generate constructs that more closely match the composition and structure of native tissues. An important difference between biofabrica-tion ( Fig. 3 ) and other types of AM is the incorporation of cells in the printed biomaterial, 41, 44, 59 which together with the cells is referred to as bioink. The most widely applied AM techniques for bioprinting with bioinks are based on laser-induced forward transfer (LiFT), inkjet printing, and robotic dispensing. 41 The advantages, disadvantages, and limitations of each of these techniques are further reviewed in a number of contributions to this special issue. 19, 39, 53, 71 The printed combination of biomaterials, biomolecules, and cells is supposed to gradually mature into the desired tissue. The incorporated biomaterial ideally provides the required initial mechanical support, structural support for mass and gas transfer, and physical cues for activating the appropriate mechanotransductory pathways. At the same time, the biomolecules incorporated into the bioink provide the required biological cues to guide the tissue regeneration process. Multiple bioinks and cell types can be distributed within the same tissue construct to best guide the tissue generation process and to enable regeneration of more complex tissue structures. Advanced imaging can assist with quantification of the shape of defects in the tissue/organ and potentially also its specific composition. The acquired images could be further processed to obtain a computer-aided design (CAD) file describing the exact geometry of the desired patient-specific tissue/organ construct. The patientspecific aspect is further underscored by the potential to use autologous cell sources, minimizing the chance of rejection of the generated tissue/organ. Biofabrication is currently being explored as an approach for generation of various types of tissue constructs, including cartilage, 58 bone, 39 skin, 39 periodontal tissues, 12 different types of vascularized tissues, 56 and cardiovascular tissues. 19 In addition to generating tissue constructs for replacement or repair of damaged tissues, bioprinted tissues could also be used in vitro as tissue analogies in toxicity and disease models 72 or for (patient-specific) drug screening, 71 potentially decreasing the need for animal experiments.
Nevertheless, it still remains a challenge to ensure that the generated bioprinted tissue structures properly match the structure and properties of the native tissue. A current limitation is the limited availability of bioinks that possess appropriate physical properties for the printing process and simultaneously provide a suitable niche for the cells to differentiate towards the desired lineage. Different classes of hydrogels have been employed as parts of bioink systems used in tissue/organ bioprinting. 41, 43, 45, 55, 62 A promising approach to simultaneously comply with the numerous requirements that AM techniques and bioinks must satisfy to guarantee optimal tissue quality and maximum tissue complexity is to combine various AM technologies and bioinks to benefit from the best aspects of different approaches. Recent application of this pragmatic approach has produced some promising results. 36 
DRUGS AND DRUG DELIVERY
Various techniques for drug administration and delivery devices including solid dosage forms, 26 implantable drug delivery vehicles, 23, 33 and topical drug delivery systems 25 could benefit from what AM has to offer. The recent approval of an AM drug product by the FDA in August 2015 49 marked the beginning of an era where more additively manufactured drugs are expected to enter routine clinical use. In traditional drug delivery research, the main focus is on controlling the release profile through various approaches, among which the most important is development of new biomaterials with distinct, controllable, and predictable release profiles. AM offers an alternative approach for development of new drug delivery systems with tailorable release profiles by adjusting the 3D shape 26 and microarchitecture of the drug delivery system, as well as by varying the spatial distribution of active agents 27 (Fig. 4) . Moreover, multiple drugs could be integrated into a single drug delivery system with the possibility of precisely controlling the release profiles of individual drugs (Fig. 4) . Furthermore, AM allows for on-demand manufacturing of drug delivery systems, 49 which is particularly useful for unstable drugs with limited shelf life. 49 The shape and dose could also be adjusted relatively easily. AM techniques based on binder jetting, material extrusion, 18 and material jetting could be used for fabrication of drug delivery systems 49 ( Fig. 1) . Among the different categories of drug delivery systems, solid dosage forms have received the most attention given their relatively easy route to clinical use and huge potential for commercialization. The effects of the above-mentioned design parameters on the release profiles of drug delivery systems in general and solid dosage forms in particular have not yet been fully understood and require further research.
Computational modeling can aid prediction of release profiles from various drug delivery systems 6, 31, 40 and may be of particular value for drug delivery systems based on AM structures. These computational models will provide insights into the effects of the geometrical design, microarchitecture, and spatial distributions of active and passive agents on the release profiles. The combination of AM techniques and computational models for achieving desired release profiles is a relatively unexplored area of research and is suggested to be an important area for future research.
IMPLANTS
AM has added a new dimension to the design and manufacturing of implants in general, and patientspecific implants in particular. Patient-specific implants, 24, 46, 47 where the implant is designed to fit the anatomy or other requirements of a single patient, are one of the prime areas for routine clinical application of AM techniques. Recent advances close the loop in the pipeline that goes from image acquisition to image processing, implant design, and implant manufactur- ing, as the entire process can now be streamlined through CAD systems that integrate some or all of the required steps. The free-form nature of AM processes enables implants with anatomically complex geometries to be manufactured quickly, reliably, and costeffectively. Companies that integrate the various aspects required for patient-specific AM are already active in the market, and their implants are already used in the clinic.
In addition to enabling production of patientspecific implants, AM allows for incorporation of complex geometrical features not only in patientspecific implants but also in generic implants; For example, additively manufactured implants could incorporate rationally designed lattice structures into their design (Fig. 5) to adjust the mechanical properties of the implants, thereby preventing the stressshielding phenomenon. Moreover, the large pore spaces provided by these lattice structures facilitate tissue ingrowth and osseointegration. These structures also provide pore spaces, which could be used for drug delivery purposes, e.g., to facilitate tissue regeneration or combat infection. 70 Finally, lattice structures have huge adjustable surface areas that could be biofunctionalized 68 to achieve improved tissue regeneration performance 3,17 and antibacterial behavior.
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Ultimately, the design of hybrid implants could integrate solid volumes with various types of lattice structure (Fig. 5) . This allows for optimal distribution of mechanical properties within the implant, providing sufficient mechanical support in areas where mechanical stress is greatest but allowing for incorporation of porous structures in areas where stresses are lower, tissue unloading should be avoided, or bone ingrowth is essential, such as the surface of the anchoring parts of the implant. Functionally graded geometries (Fig. 6 ) could also be realized using AM techniques such that, for example, the porosity of the lattice structure gradually decreases from the implant surface, which is in contact with tissue and could benefit from tissue ingrowth, to the center of the implant, which may need to be stronger to carry mechanical loads.
Metals are the materials most commonly used for AM of functional and load-bearing implants. Powder bed fusion processes including selective laser melting (SLM) and electron beam melting (EBM) are often used for this purpose.
Streamlined design and digital manufacturing of patient-specific implants and incorporation of complex geometrical features into the design of generic implants, as well as evaluation of the actual clinical performance of patient-specific implants and implants incorporating features such as hybrid design and FIGURE 4. Additive manufacturing techniques could be used to (1) achieve complex distribution of several components in solid dosage forms, (2) develop drug products for specific patient groups, e.g., children, and (3) adjust the dosage of drug products.
functionally graded microarchitecture, are areas that require further research. In particular, sound design principles and computational platforms need to be developed to facilitate the design of the macroscale shape and microarchitecture of implants.
MEDICAL INSTRUMENTS
Similar to the case of implants, one of the unique applications of AM is fabrication of patient-specific instruments. An important example of patient-specific instruments are surgical guides, 38 which could increase surgical accuracy. Moreover, they could shorten operating times, thereby also reducing the chance of surgery-related complications such as infections. In addition to numerous surgical procedures, where use of such guides could be of great value, patient-specific instruments could be combined with patient-specific implants to facilitate their positioning.
Medical devices could benefit from the form flexibility offered by AM as well. Medical devices with complex shape and advanced functionality could be manufactured to achieve things that cannot be achieved with conventionally manufactured instruments. However, manufacturing of high-end medical instruments, particularly steerable instruments, 34, 35 ( Fig. 7) often requires very high accuracy and precise control of tolerances. Recent advances in AM techniques have enabled the achievement of extremely high accuracies in manufacturing of medical devices. In this regard, high-resolution AM techniques 66 such as stereolithography 42 and two-photon polymerization 21, 51, 54 that could achieve accuracies in the range of a few microns, or sometimes submicron, play an important role. However, such applications of superhigh-resolution AM have not been fully explored yet. It is important to realize that biocompatibility requirements are much less stringent for medical instruments as compared with implants and biomaterials that are supposed to dwell in the human body for a long time and require the highest levels of biocompatibility. These less stringent biocompatibility requirements make it possible to use a wider range of materials, thereby increasing the chance of meeting the accuracies and tolerances required for fabrication of (steerable) medical instruments. At the low end, AM could enable on-demand fabrication of medical instruments, 37 for example, in remote areas or on the battlefield, where access to high-end medical instruments is limited.
Both metallic and polymeric materials have been used for fabrication of medical instruments. The highend AM techniques available for polymers such as stereolithography and two-photon lithography could usually achieve much higher accuracies as compared with techniques available for processing of metals. As a consequence, AM of high-end (steerable) medical instruments is currently possible only if polymeric materials are used. Some other categories of medical instruments such as many surgical guides require lower levels of accuracy and can also be manufactured from metals. On-demand fabrication of medical instruments in remote areas or in extreme conditions such as in areas hit by natural disasters or on the battlefield could only be done with low-end polymer processing techniques such as FDM and may only be realistic for the simplest medical instruments.
PROSTHETICS AND ORTHOTICS
AM has also been used for fabrication of artificial organ replacements (prosthetics) and external deformity-correcting devices (orthotics). As far as prosthetics are concerned, AM could offer easy and affordable customization options not only to make the prosthetic device fit the anatomy of the patient but also to adjust functional aspects of the prosthetic device, for example, by modifying the dimensions of its functional parts. Depending on whether low-or high-end markets are targeted, AM could play different roles. In the high-end market, improved functionality, comfort, and esthetics could all be achieved through sophisticated AM techniques that include multimaterial and multicolor material jetting printers. In the low-end market, simple AM techniques such as FDM combined with simplified designs of prosthetics (Fig. 8) could be used to make prosthetics accessible to a larger fraction of the world population, particularly given the fact that a significant fraction of individuals requiring prosthetic devices live in war-hit low-income countries with limited access to healthcare products and services. A number of (low-cost) designs for AM prosthetic devices have been proposed in literature. 11, 29, 80 Orthotics are no different from prosthetic devices in terms of how they could benefit from the possibilities offered by AM. 16, 52, 63 Once more, orthotic devices could be tailored to perfectly fit the (correct) anatomy of the patient. Furthermore, materials with specific mechanical properties could be fabricated using AM using concepts similar to those used in the rational design of tissue engineering scaffolds and implants. The microarchitecture of certain parts of the orthotic device could be rationally designed so as to give rise to certain sets of desired mechanical properties; For example, AM has been used to design an ankle-foot orthosis with adjustable stiffness. 63 Much research still needs to be done to fully utilize the potential of AM techniques for both the high-and low-end markets of prosthetics and orthotics. For the high-end market, advanced design and AM techniques need to be used for providing novel functionalities not currently possible in such devices, while parametric, easy-to-manufacture, and easy-to-assemble prosthetic and orthotic devices need to be developed for areas with inadequate healthcare coverage.
MODELS FOR VISUALIZATION, EDUCATION, AND COMMUNICATION
The same technology that enables image-based design and AM of implants, prosthetics, and orthotics could be used for a myriad of other purposes including communication with patients, education of medical students, visualization of malignancies, and preoperative planning. For most routine procedures, experienced clinicians can imagine anatomical features and malignancies and plan surgeries with the sole aid of two-dimensional images, not even requiring three-dimensional reconstructions of the images. The same clinicians may, however, benefit from three-dimensional reconstruction of images and physical AM models 61, 77 when planning complex surgeries, evaluating the suitability of certain clinical procedures for particular cases, and examining how well (patient- specific) implants fit the anatomy of the patient, which is also printed in the form of a physical object. The advantages might be even greater in the case of less experienced clinicians, suggesting that AM physical models could also be used as part of the learning curve of clinicians in training. 74 Altogether, AM physical models might result in improved accuracy and shortened time when performing clinical procedures. Physical models might also be effective instruments when communicating with patients regarding their pathologies and the planned treatments.
Since visual aspects are of paramount importance in almost all the above-mentioned cases, multicolor and multimaterial AM techniques could be of tremendous value in fabrication of physical models aimed for visualization. Furthermore, the efficacy of physical models in improving the accuracy of clinical procedures, shortening the required time, improving the learning curve of clinicians in training, and management of patient anxiety should be thoroughly studied. There is currently not much data available to determine whether AM patient-specific physical models are actually capable of delivering the intended benefits.
OTHER BIOMEDICAL AREAS
AM has been used in other areas of biomedical research as well. An important example is the use of AM in fabrication of microfluidic devices that have widespread applications in biomedical research. Microfluidic devices have traditionally been made using soft lithography, which is a slow, labor-intensive, and expensive process. AM enables automated, fast, and inexpensive development of microfluidic devices, 7, 30 potentially from biocompatible and transparent materials that allow for both unhindered cell culture and imaging. 65 Advances in AM of microfluidic devices could have important implications for areas such as organ-on-a-chip research.
Imaging-based reconstruction of pathologies and subsequent AM of colored, subject-specific demonstrative replica have been proposed as effective methods for forensic medicine, 20 not only because they could help improve understanding of pathologies but also because they are excellent instruments to facilitate communication in court rooms.
Finally, pioneering works on topics such as 3D printing of bacterial communities 15 continue to appear in scientific literature and promise many more applications of AM techniques in biomedical and healthcare research.
CONCLUSIONS
AM has found numerous applications in many areas of biomedical research and clinical practice. The opportunities for further application areas are only increasing in number, complexity, and added value. Some of the most important areas of application were reviewed in this editorial to lay the ground for the research and review papers appearing in this special issue. Many topics touched upon in this editorial are further expanded on in the following contributions that try to present the state of the art in this exciting area of interdisciplinary biomedical research. 
